The origin of thermal optical and UV emission from stellar tidal disruption flares (TDFs) remains an open question. We present Hubble Space Telescope far-UV (FUV) observations of eight optical/UV selected TDFs 5-10 years post-peak. Six sources are cleanly detected, showing point-like FUV emission (10 41.5−42.5 erg s −1 ) from the centers of their host galaxies. We discover that the light curves of TDFs from low-mass black holes (< 10 6.5 M ⊙ ) show significant late-time flattening. Conversely, FUV light curves from high-mass black hole TDFs are generally consistent with an extrapolation from the earlytime light curve. The observed late-time emission cannot be explained by existing models for earlytime TDF light curves (i.e. reprocessing or circularization shocks), but is instead consistent with a viscously spreading, unobscured accretion disk. These disk models can only reproduce the observed FUV luminosities, however, if they are assumed to be thermally and viscously stable, in contrast to the simplest predictions of α-disk theory. For one TDF in our sample, we measure an upper limit to the UV luminosity that is significantly lower than expectations from theoretical modeling and an extrapolation of the early-time light curve. This dearth of late-time emission could be due to a disk instability/state change absent in the rest of the sample. The disk models that explain the late-time UV detections solve the TDF "missing energy problem" by radiating a rest-mass energy of ∼ 0.1M ⊙ over a period of decades, primarily in extreme UV wavelengths.
INTRODUCTION
In the current era, most tidal disruption flares (TDFs) are discovered by optical imaging surveys Gezari et al. 2012; Arcavi et al. 2014; Holoien et al. 2014; Hung et al. 2017; Blagorodnova et al. 2017 )-see van Velzen (2018) for a recent compilation. TDFs have great potential as probes of quiescent supermassive black holes (SMBHs), but the origin of their optical and UV (Gezari et al. 2006 ) emission remains unclear. In the canonical model for TDFs, put forward by Rees (1988) , their electromagnetic emission is powered by a compact accretion disk of size comparable to the tidal radius, fed by the returning stellar debris streams. In this scenario, the bolometric disk luminosity is expected-after a brief phase of rising luminosity-to track the t −5/3 debris fallback rate, while emission on the Rayleigh-Jeans tail of the disk spectrum will follow a more shallow decay rate of t −5/12 (Lodato & Rossi 2011) . The observed decay of optical TDF emission is often consistent with the steep power-law of the fallback rate. However, the blackbody radii fitted to these optical observations are ∼ 10 − 100 times larger than naive estimates of the outer radius of the accretion disk, and correspondingly, observed optical luminosities are ∼ 100 − 1000 times larger than expected (Gezari et al. 2009b; Wevers et al. 2017 ). Two models have been proposed to explain this behaviour. The optical/UV light could be produced by reprocessing of X-ray and extreme ultraviolet (EUV) radiation from the inner disk, after this harder component is absorbed by optically thick stellar debris or disk outflows (Loeb & Ulmer 1997; Guillochon et al. 2014; Miller 2015; . Alternatively, the optical/UV emission could be powered by energy released as the streams of stellar debris self-intersect and shock (Lodato 2012; Piran et al. 2015; Krolik et al. 2016) . Stream-stream interactions provide a mechanism to dissipate orbital energy, which is required for accretion disk formation.
Both theories of early-time TDF emission must contend with a "missing energy problem." Single-color blackbody fits to observed TDF spectra find total radiated energies at least one order of magnitude below the theoretical expectation for radiatively efficient accretion Piran et al. 2015) . This is typically explained in the circularization paradigm with a very low radiative efficiency; in the reprocessing paradigm, most of the disk luminosity may escape as unobservable EUV light.
If stream-stream shocks were the only source of TDF light, then the light curve should track the fallback rate even at late times. The contribution of additional emission from an accretion disk (either directly, or through reprocessed X-rays/EUV) would lead to a flattening of the late-time light curve. If the accretion rate through the disk is set quasi-viscously, the light curve will eventually flatten because at times t far after peak, the viscous timescale t visc ≫ t. This timescale hierarchy is expected because the viscous time depends on the radius (R) and scale height (H) of the disk as t visc ∝ (H/R) −2 (Cannizzo et al. 1990 ). At early times, when the accretion rate is super-Eddington, we expect H/R ∼ 1, while for moderate accretion rates (∼ 1 − 10% of the Eddington limit) we expect H/R ≪ 1 (e.g. Abramowicz & Fragile 2013) , resulting in a long viscous time and a slow decay of the power emitted by the accretion disk.
Even if the feeding rate of the disk tracks the fallback rate (Ṁ fb ∝ t −5/3 ), viscously-regulated accretion will result in a more gradual decline of the accretion rate,Ṁ ∝ t −1.2 (Cannizzo et al. 1990; Shen & Matzner 2014) . A flattening of the X-ray light curves of some TDF candidates has been reported by Auchettl et al. (2018) , although the interpretation of these observations is difficult due to the very sparse sampling of most X-ray light curves. Some evidence for flattening exists in the NUV light curves of TDF candidates GALEX-D1-9 and GALEX-D3-13 (Gezari et al. 2008 ), but in general, very little is known about the late-time optical/UV properties of TDFs. With one exception (Gezari et al. 2015) , TDF candidates have not been detected more than a handful of years past peak.
Here we present HST observations of a sample of eight tidal disruption flares, each observed in the far UV (FUV) 5-10 years after peak light. This is the first large sample of optical-and UV-selected TDFs observed at such late times, and the goal of this paper is to determine which, if any, emission mechanisms are still operating in these flares. In Section 2, we present the sample selection, host galaxy photometry, HST and Swift data reduction, and light curve fitting procedure. In Section 3 we discuss the astrophysical implications of our observations for TDF disk evolution and emission mechanisms. We close with a summary of the results in Section 4. Throughout this work, all magnitudes are in the AB system (Oke 1974 ) and we adopt a flat ΛCDM cosmology with H 0 = 70 km s −1 Mpc −1 .
2. ANALYSIS
Source selection
We obtained HST FUV (ACS/SBC; F125LP and F150LP) follow-up observations of eight strong TDF candidates, see Table 1 . These source were selected based their age (time of peak at least five years before the new HST observations) and expected FUV magnitude. The latter requirement removed PS1-11af (Chornock et al. 2014 ) due its high redshift and PTF09axc (Arcavi et al. 2014 ) due to its low blackbody temperature.
A few TDFs that have been discovered more recently have reasonably long (≈ 2 yr) UV light curves from monitoring observations of the Neil Gehrels Swift Observatory (Swift; Gehrels et al. 2004 ) with the UVOT instrument (Roming et al. 2005) . We add these to our sample for analysis: ASASSN-14ae (Holoien et al. 2014) , ASASSN-14li (Holoien et al. 2016b; Brown et al. 2017) , ASASSN-15oi (Holoien et al. 2016a) , iPTF-16fnl ).
Host galaxy population synthesis
To estimate the contribution of the host galaxy to the total FUV flux of our sources we compared synthetic galaxy models to the observed UV and optical photometry of the host galaxies.
All sources in our sample have been observed by GALEX (Martin et al. 2005) . To estimate the host galaxy flux we use only the GALEX observations obtained well before the TDF. Five sources are detected pre-flare in at least one of the GALEX bands: D23H-1, TDE2, PTF-09ge, ASASSN-14li, iPTF-16fnl. For nondetections, we compute the upper limit on the flux, using the gPhoton software (Million et al. 2016) to estimate the noise in a 6" aperture.
The optical flux of the host galaxy is taken from the SDSS (York et al. 2000) u, g, r, i (Fukugita et al. 1996) model magnitudes (Stoughton et al. 2002) . The TDF 100 200 300 400 500 600 700 800 900
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Observed wavelength (nm) Magnitude (AB) iPTF-16fnl =0.5 Gyr; t=3.6 Gyr; e(b-v)=0.10; 2 =9.7 =0.5 Gyr; t=3.5 Gyr; e(b-v)=0.04; 2 =12.9 =0.5 Gyr; t=3.4 Gyr; e(b-v)=0.04; 2 =16.2 Figure 1 . Comparison of synthetic galaxy spectral energy distributions to the observed magnitudes. Triangles indicate 5-σ upper limits. The legend show the parameters of the galaxy model: time since the burst of star formation, the type of burst (instantaneous, burst lasting 1 Gyr, or exponentially decreasing rate with e-folding time τ ), and the amount of extinction applied to the host galaxy using the Calzetti et al. (2000) attenuation law. The open circles show the synthetic magnitudes for each model (from blue to red the bandpasses shown are: F125LP, FUV F150LP, UVW2, NUV, UVM2, UVW1, U or u, B or g, V or r, i, z).
ASASSN-15oi falls outside the SDSS footprint and we use Pan-STARRS ) Kron magnitudes ) for this source. For all source in our sample the flux of the host galaxy was measured before the TDF happened.
For the sources that have been observed by Swift, we also include the mean late-time flux for the observations that are clearly dominated by the host galaxy. This assessment is made by comparing the light curves across the Swift UVOT bands. When a red band reaches a constant flux level while the higher-frequency bands continue to decay, we assume the red band is now dominated by the host galaxy. As expected, all four sources with Swift monitoring reach the host level in the V and B bands.
The images of the low-redshift post-starburst host galaxy of iPTF-16fnl clearly show two stellar populations, with a young central population inside an inclined disk that is dominated by a latetype population. The central component dominates the UV light of the host. To minimize the contribution from the late-type stellar population, we use a 4" aperture to measure the host galaxy photometry of this source.
In order to extrapolate the observed host galaxy flux into other bands, we need to find the best-fit synthetic galaxy spectrum. For this task we used the Flexible Stellar Population Synthesis software (Conroy et al. 2009; Conroy & Gunn 2010 ) to obtain stellar templates for different star formation histories. We adopt the default assumptions for the stellar parameters (Kroupa 2001 initial mass function with stellar masses 0.08 < M star /M ⊙ < 150; Padova isochrones and MILES spectral library; Vazdekis et al. 2010) . We considered five different temporal shapes for the star formation history (SFH): an instantaneous burst, a burst truncated after 1 Gyr, and exponentially decreasing rates (∝ e −t/τ ) with half-times of τ = 0.5 Gyr, τ = 1 Gyr, or τ = 1.5 Gyr. We allow the time since the burst to vary from 0.1 to 10 Gyr, using steps of 0.1 Gyr. We also include the effect of dust obscuration using a Calzetti et al. (2000) extinction law to modify the spectrum to a maximum
We place each galaxy in our grid of models at the redshift of the TDF host galaxy and apply Galactic extinction (Cardelli et al. 1989) using the extinction at the celestial location of the TDF host galaxy (Schlegel et al. 1998) . After convolving the resulting synthetic spectrum with the bandpass we obtain synthetic magnitudes and the χ 2 of each model. The convolution with the bandpass is important since it accounts for asymmetries in the wavelength dependence of the response (e.g.
the "red leak" of the UVW1 filter; see Appendix A and Fig. 11 ).
In Fig. 1 we show the best-fit galaxy models and, to visualize the uncertainty in this fit, we also show models with higher χ 2 values (selected to have log likelihood that is smaller than the best-fit by a factor 0.5 and 1). For nearly all galaxies in our sample, the synthetic magnitudes in the near-UV bands can be determined with an accuracy of 0.1 mag or better. When only FUV upper limits from GALEX are available, the synthetic magnitudes at this wavelength are more uncertain (although often the best-fit model appears to provide an upper limit to the FUV flux; this happens because the FUV flux can become vanishingly small a few Gyr after the burst of star formation).
HST photometry
The HST ACS/SCB imaging observations were obtain with a two-point dither and we combined these exposures using the default "drizzle" (Fruchter & Hook 2002) parameters of the HST ACS reduction pipeline. Cutouts of the images are shown in Fig. 2 . We measured the flux in the F125LP and F150LP images using a circular aperture of 0.1" (4.5 pixel). The aperture correction for this radius is 0.70 and 0.60 mag for F125LP and F150LP, respectively. This small radius was chosen to minimize any contribution of the host galaxy light. Seven source are detected with a signal-to-noise ratio of at least 6, independently in both the F125LP and F150LP images; only for TDE1 do we find a non-detection in both bands.
For six of the seven detections, a point source dominates the total FUV flux. (Fig. 3) . Since the galaxies in our sample have an effective radius that is ∼ 10 times larger than the angular resolution of the HST observations (≈ 0.1 kpc at z = 0.1), we expect that these six central point sources are of non-stellar origin (i.e. latetime TDF emission).
A large fraction of TDF hosts are classified as poststarburst galaxies (Arcavi et al. 2014; French et al. 2016) and can be described by a two-component stellar population (French et al. 2017) . While the younger component will dominate the FUV flux and is often more concentrated than the old population (Yang et al. 2006) , we still expect to resolve its emission in our HST observations since the young population typically extends beyond 1 kpc (Pracy et al. 2012) . Also relevant is the result reported by Graur et al. (2017) , who found that TDF host galaxies are more compact that average, which could explain why these galaxies produced more TDFs (Stone & van Velzen 2016; Stone et al. 2018 ). However, this compactness was measured with SDSS observations Note-Observed and predicted UV flux of the eight TDF with late-time HST observations. The HST F125LP/F150LP filters probe a typical wavelength that is slightly lower/higher than the effective wavelength of the GALEX FUV filter (see Fig. 11 ).
The pre-flare GALEX observations measure the total galaxy flux. Together with optical data from the host galaxy, the GALEX observations of the host can be used to predict the galaxy magnitude in the two HST FUV bands (see Sec. 2.2). The last two columns show our HST measurements in two apertures. The large 2.5" aperture includes both the TDF flux and total host galaxy flux, while the small 0.1" aperture is dominated by the flux of the TDF (see Fig. 3 ). All magnitudes are corrected for Galactic extinction. that probe angular scales an order of magnitude larger than those of our HST observations. In some cases additional observations allow us to directly reject the hypothesis that a compact population of young stars is the origin of the FUV points sources in our sample. Below we discuss the evidence for nonstellar emission for each source separately:
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• For PS1-10jh, the HST FUV flux in our nuclear aperture (0.1") is an order of magnitude larger than the upper limit on the FUV flux based on GALEX data obtained before the TDF. This confirms our late-time UV detections are transient. We also note that HST WFC3 observations in the F625W (r) band (Gezari et al. 2015) show no evidence for the strong central enhancement that would be needed to explain the post-flare nuclear FUV emission with a central population of young stars.
• The HST FUV images of PTF-09ge show both extended emission and a nuclear point source. The FUV flux of the nuclear point source is contained within 0.1" or 0.1 kpc and is a factor 3.5 smaller than the total FUV flux of the galaxy. If this nuclear emission is due to the same population of stars that dominate the total galaxy light, one third of this galaxy's mass would be contained within an aperature that is a factor 20 smaller than the effective radius of the galaxy. Instead, based on the SDSS measurement of the De Vaucouleurs' radius in the r-band, we expect only 4% of the total galaxy mass within our small HST aperture.
• Likewise, for SDSS-TDE2, we detect the expected host galaxy FUV flux from our fit to the GALEX and SDSS data ( Fig. 1) only inside a large (>2") aperture. The FUV flux of the nuclear component is contained within a projected radius of 0.4 kpc and is a factor 3 smaller compared to the total FUV of the galaxy. Based on the r-band De Vaucouleurs' radius, the expected light contained within is radius is only 5%.
• For PTF-09djl, the expected total host galaxy FUV flux from our fit to the SDSS and GALEX photometry is similar to the observed flux in our small HST aperture. In other words, if the nuclear FUV would be due to the same population of stars that are observed in the SDSS and GALEX photometry, most of the galaxy should have a size of 0.1" or 240 pc, which is clearly not consistent with the SDSS observations.
• Likewise, for the TDF GALEX-D1-9, the upper limit on the total host galaxy FUV flux is similar to the observed flux in our small HST aperture.
This again suggests the nuclear FUV flux is of a non-stellar origin.
• For the GALEX-D3-13, the expected total FUV flux of this relatively high-redshift galaxy (z = 0.37) is fainter than the observed HST flux within our 0.1" aperture. Most importantly, no evidence for a strong concentration of stars is seen in an HST I-band image that is available for this galaxy (Gezari et al. 2006 ).
• The source GALEX-D23H-1 is an outlier in our sample of HST observations. We see a ring-like structure of FUV emission around what appears to be a central point source (Fig. 2) . The circumnuclear emission is qualitatively consistent with the host galaxy's star-forming classification from emission line observations (Gezari et al. 2009b ) and the GALEX observations. For this source, we cannot be certain the nuclear flux is of non-stellar origin, and we therefore consider the flux in the 0.1" aperture to be an upper limit on the late-time TDF emission.
Swift photometry
The flux in the Swift UVOT images is measured using the uvotsource task. To capture the entire flux of the galaxy we use a 5" aperture (except, as motivated in Sec. 2.2, for iPTF-16fnl, where we use a 4" aperture). The host galaxy flux is subtracted using the best-fit synthetic galaxy model (see Section 2.2). To compute the uncertainty on the host-subtracted flux we conservatively adopt an uncertainty of 0.1 mag on our estimate of the host flux level.
Light curve inference
To compare the late-time UV luminosity to the flux expected based on the observations near peak, we describe the early-time (but post-peak) light curve with a power-law,
(1) Here B ν is the Planck function and t indicates the time relative to the light curve maximum, as measured in the source rest frame. Some sources in our sample are only detected post-peak, hence we include a nuisance parameter t peak that counts the time between between the true peak of the light curve and the first detection. The other four free parameters of our model are: the blackbody temperature (T ), the peak luminosity (L peak ) at the reference frequency ν 0 , the characteristic decay time (t 0 ), and the power-law index (p).
We use a Markov Chain Monte Carlo (MCMC) method (Foreman-Mackey et al. 2013 ) to obtain the posterior distribution of the free parameters in our model. To estimate the likelihood of the data we use assume Gaussian statistics, but we allow the variance of the data to be overestimated by a factor f . We use a flat prior for all free parameters:
When the peak of the light curve is not resolved, we allow the true peak to be up to 30 days before the first observation in the light curve: 0 < t peak < 30. When the peak is observed, this nuisance parameter is not needed, and we simply set t peak = 0. The only role of the nuisance parameter is to propagate our uncertainty on the time of the true peak into the posterior distribution of t 0 . However, because t/t 0 ≫ t peak /t 0 for the majority of the observations, the uncertainty about the true time of the peak has virtually no influence on the inferred values of t 0 or p.
For two sources in our sample we have to make an exception and use more informative priors to obtain convergent solutions for the model light curve (Eq. 1). To avoid solutions with a very steep power-law index, we use a Gaussian prior at p = −5/3±0.3 for PTF-09ge and PTF-09djl. For PTF-09djl the light curve has limited frequency coverage (almost exclusively r-band observations), so for this source we therefore also use a Gaussian prior for log T , centered on the blackbody temperature measured from spectroscopic observations (Arcavi et al. 2014) .
We fit Eq. 1 only to the early-time portion of the light curve. To differentiate between early-time and late-time emission, we set t late = 10t fb , with t fb the fallback time estimated for a star with a mass of 0.5 M ⊙ . To compute the fallback time as a function of mass we adopt )
Here M * and R * are the stellar mass and radius, respectively. We use the black hole mass estimated from the M • -σ relation using the Gültekin et al. (2009) calibration and the velocity dispersion measurements reported in Wevers et al. (2017) and Wevers et al. (2018 in prep) . . Light curves of the eight TDFs with late-time HST FUV observations. The dashed lines indicated the best-fit (t/t 0 ) −5/3 power-law decay. The solid lines show the result for a fit with the power-law index (p) as a free parameter (the normalization of the x-axis uses t 0 as obtained from the fit with p = −5/3). We show the FUV luminosity, λL λ at λ = 150 nm in the rest-frame, k-corrected using the mean blackbody temperature. The frequency of the observations is indicated by the plot symbol: HST F125LP ☆, HST F150LP ★, FUV □, NUV , u-band ◊, g-band ×, r-band +. All power-law fits are to early-time data (observations before 10t fb ), a demarcation indicated by the vertical grey line in each panel. 
The mean early-time temperature. Obtained from the best-fit power law (Eq. 1) using observations with t < 10f fb (see Sec. 2.5). b The maximum value of the luminosity. e The mean temperature inferred for the late-time observations, i.e. t > 10t fb .
f For the source D23H-1 the late-time HST observations are reported as upper limits since the observed nuclear FUV flux is likely dominated by the host galaxy, see Sec. 2.3 g iPTF-16fnl has only a single late-time detection, hence T late is unconstrained. To compute R late we assume the T late = T early .
h ASASSN-15oi has no late-time detections of the TDF flux (cf. Fig. 5 ).
i iPTF-16axa has no late-time observations. Note-All luminosities are corrected for Galactic extinction and reported at 150 nm in the rest-frame of the transient. Upper/lower bounds computed from the 90% credible interval.
We indicate t late with a vertical line in Figs. 4 & 5. In most cases, the early-time data (i.e. t < t late ) includes all points in the light curve prior to the HST observations. Besides our fits to the early-time data with the power-law index p as a free parameter, we also estimate the parameters of our light curve model using the index fixed at p = −5/3. Since we use a single temperature to describe the TDF spectrum at any point in time, we can k-correct the multi-band light curves to a single (rest-frame) wavelength, λ 0 . In Figs. 4 and 5 we show the results for λ 0 =150 nm, using the mean temperature measured from the early-time data. This reference frequency is close to the effective wavelength of theHST FUV bands, thus minimizing the k-correction for the late-time observations. We also use our light curve model (Eq. 1) to measure the temperature from the late-time data only.
The very small dispersion between the multi-band light curves k-corrected to 150 nm (Figs. 4 and 5) testifies to the limited temperature evolution in TDF light curves. The flares have a well-defined mean temperature that can be measured accurately by combining multi-epoch observations. The typical uncertainty on the mean temperature is only 0.05 dex or smaller (Table 2). For a blackbody spectrum with T = 5 × 10 4 K observed at z = 0.1, the spectral index 1 is (1.5, 1.1, 0.6) for the (u, NUV, FUV) bands, respectively. We thus see that our observations are not on the Rayleigh-Jeans tail (ie, α = 2) of the SED, and therefore the near-constant temperature we observe is not due to limited spectral evolution on this tail.
DISCUSSION
All HST-detected TDFs in our sample (Fig. 4) , as well as more recently-discovered TDFs that have late-time coverage (Fig. 5) , show, after a few years, a flattening of the UV light curve relative to a t −5/3 fit to early-time data. For the high-mass black holes (M • > 10 6.5 M ⊙ ), the flattening is consistent with a single power-law decay (with power-law index p > −5/3) beginning near the peak of the flare, while for all the lower-mass black holes, the late-time emission exceeds the expected value from the early-time extrapolation with best-fit p (Figs. 6 & 7). In other words, the light curves of TDFs from low-mass black holes show two distinct phases: first, a steep decay, and second, a shallow late-time evolution. In contrast, TDFs from high-mass black holes can be described with a single, relatively shallow power-law. For both mass ranges, fitted decay times t 0 are comparable
to the theoretical t fb , and seem to follow the predicted (Fig. 7) . We stress that the observed flattening of the light curve cannot be explained merely by a change of the photospheric temperature with time. First of all, we corrected all observations to the luminosity at 150 nm in the rest-frame. This matches the pivot frequency of the F150LP bandpass at z ≈ 0.1, hence the k-corrected luminosity of the late-time HST FUV observations is nearly independent of temperature. The light curve model we use to predict the late-time 150 nm luminosity from the early-time observations includes the mean temperature as a free parameter, hence the uncertainty on the mean blackbody temperature has been propagated into this prediction. A modest increase of the temperature is sometimes observed in TDFs (Holoien et al. 2016a; Mockler et al. 2018) . Indeed, for some sources (e.g. ASASSN-14ae) we see some frequency dependence in the residuals to our single-temperature light curves (also the small increase of the 150 nm luminosity based on the late-time NUV and FUV observations of PS1-10jh is likely due our single-temperature k-correction). However, the residuals are very small, a few tens of percent at most. To conclude, the existing multi-band observations exclude a temperature change that would lead to a dramatic flatting of the FUV light curve.
Before interpreting the nature of the late-time FUV luminosity, it is important to stress that these detections further substantiate that these sources are not due to stellar explosions. Some supernovae can be UV-bright near peak (Gezari et al. 2009a ), but observations across all SNe subtypes show the post-peak NUV luminosity decreasing on timescales of months (Brown et al. 2009; Pritchard et al. 2014; Lunnan et al. 2018) . Given that our sample contains a mix of TDFs, selected either based on spectroscopic properties or optical/UV properties, it is encouraging that all show late-time UV detections (while SDSS-TDE1 was not detected in our HST observations, it was detected one year post-peak in GALEX).
The case for late-time disk dominance
The flattening seen in the light curves of TDFs from low-mass SMBHs suggests that a different emission mechanism may be operating at late times. We now discuss the challenges that previously proposed earlytime emission mechanisms (reprocessing and stream selfintersection shocks) would face in explaining the latetime FUV observations.
To explain-within the reprocessing paradigm-two phases in the light curves of TDFs with low-mass hosts, we would have to conclude either that accretion power becomes roughly constant at late times (i.e. t > 10t fb ), or that an initially low reprocessing efficiency steadily increases. The former possibility is at odds with what we know of TDF theory: early in the flare, if the disk viscous time t visc ≪ t fb , the bolometric luminosity of the disk would decline roughly as L ∝ t −5/3 . At late times, t visc ≫ t fb and the accretion rate will be controlled by internal processes in the disk, with L ∝ t −1.2 (Cannizzo et al. 1990) .
The second possibility is challenged by the decreasing opacity of most plausible reprocessing layers, which should lead to a decreasing reprocessing efficiency. This is clearly the case for wind reprocessing, where the monotonically declining column density in the reprocessing outflow eventually becomes too low to absorb a significant fraction of the X-ray/EUV photons from the disk. The resulting X-ray ionization breakout will rapidly decrease the optical/NUV/FUV emission, while the observed X-ray flux should increase. compute that for a disruption with M • = 10 6 M ⊙ , a reprocessing shell produced in a wind or outflow can remain optically thick to X-rays for at most a few fallback times. This requirement is clearly at odds with our detections of FUV emission at t > 10t fb . Since the maximum time for significant reprocessing scales with M −5/6 • , we would expect the highest-mass black holes to exhibit almost no latetime UV emission from a reprocessing layer. Instead we observed the opposite: TDFs from higher-mass black holes have more shallow light curves (Fig. 7) , with detections up to 10 years post peak. Gravitationally bound reprocessing layers are, in this respect, more plausible explanations for late-time FUV emission. Such layers could consist of poorly circularized debris from the disrupted star (e.g. Guillochon et al. 2014; Coughlin & Begelman 2014) . Mass would steadily drain from such a layer due to continued dissipation of orbital energy in shocks (at stream-stream and stream-disk intersections), but even if enough mass remains at large scales to be optically thick, it is unclear why the reprocessing efficiency should increase. A second, and more decisive, challenge for the reprocessing picture is the size of the observed photosphere radii. We find that the late-time photosphere radius, R late , is typically of the same order as the tidal radius (Table 2) . If the late-time accretion disk is fully circularized, it must extend to at least R c = 2R t /β, where the tidal radius R t = R * (M ⊙ /M * ) 1/3 , and the penetration parameter β is a dimensionless inverse of the stellar pericenter R p (defined as β = R t /R p ). Viscous spreading can increase the disk size by a factor of a few (Section 5.50 5.75 6.00 6.25 6.50 6.75 7.00 7.25 7.50
Black hole mass (log 10 M ) In other words, their light curves show a significant flattening. The TDFs from higher mass black holes, on the other hand, are broadly consistent with a single power law that decays more slowly than the expected fallback rate (Fig. 7) .
3.2). It seems implausible that the reprocessing layer has the same physical size as the power source responsible for heating the layer (i.e. the accretion disk). A hypothetical hydrodynamic structure subtending a large solid angle on scales ∼ R late would dissipatively interact with the late-time accretion disk, and likely merge into it.
Further evidence against late-time reprocessing follows from the observations of ASASSN-14li. For this source, the X-ray luminosity decreases (Bright et al. 2018) while the UV luminosity flattens off to a plateau (Fig. 5) . The exponential tail of the X-ray light curve of ASASSN-14li (Bright et al. 2018) can be explained by a decrease in the disk temperature (see Pasham & van Velzen 2018, Table 1 ) and hence the accretion rate for this source may still follow a power-law decay. Even if the accretion rate is tracking the fallback rate, the observed decrease of the X-ray luminosity translates to a decrease of the power available for reprocessing. The observed disconnect between the UV and X-ray light curves thus provides evidence against a reprocessing layer as the origin of late-time UV emission in ASASSN14li.
Circularization-powered emission is likewise an unsatisfactory explanation for the late-time UV detections. In the circularization paradigm, the optical/UV luminosity is due to stream self-intersection shocks at large distances from the SMBH. While the stream selfintersection point R SI may be close to the tidal radius for highly relativistic pericenters (R p ≲ 20R g , where the gravitational radiusR g = GM • /c 2 ; Hayasaki et al. 2013) , it is located at least an order of magnitude farther away for less relativistic pericenters, which should be more common, particularly around low-mass SMBHs (Dai et al. 2015) . A large self-intersection radius is a key feature of the circularization paradigm's appeal, as it naturally explains the large blackbody radii (typically ∼ few × 10 14 cm) fitted to early-time TDF emission . Shock dissipation on these scales produces a low radiative efficiency, which we can bound from above assuming (i) complete thermalization of stream kinetic energy and (ii) no adiabatic losses of thermalized energy: thus, η c ≤ GM • /(R SI c 2 ). The latetime mass fallback rate is (e.g., Lodato et al. 2009 )
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Black hole mass (log 10 M ) p=5/3 p=5/3 + disk Figure 7 . The best-fit parameters for a single power-law, L ∝ (t/t 0 ) p , applied to the early-time observations of TDFs. We
show the result as a function of the black hole mass obtained from the M -σ relation. We define "early-time" as t < 10t fb . Left: the power-law index is observed to increase with black hole mass. Right: the characteristic decay time t 0 compared to the expected scaling of the fallback time with mass, t fb ∝ M 1/2 • (Eq. 3, shown as a blue dashed line). We show the result obtained by fitting a fixed power-law to the early-time data, with (filled squares) and without (open circles) the addition of nearly-constant flux from the disk model that fits to the late-time observations. In both panels, the errorbars span the 90% credible interval.
producing a late-time circularization luminosity L c = η cṀfb c 2 . If we use early-time blackbody radii to estimate R SI and η c , we would be unable to reproduce the observed late-time FUV emission of PS1-10jh, PTF09ge, PTF-09djl, TDE2, and D1-9. If we instead set the smaller late-time blackbody radii R late = R SI , and use very generous assumptions (η c equals its upper limit; 100% of radiated energy is in the FUV bands; the disrupted star has an unusually large M ⋆ = M ⊙ ), we still have observed late-time FUV luminosities νL ν > L c for PS1-10jh, PTF-09ge, PTF-09djl, and TDE2. While D3-13 and perhaps D1-9 may evade the energetic constraints above, both exhibit shallow intermediate-and late-time declines that are inconsistent with the ∝ t −5/3 predictions of the circularization paradigm. Circularization shocks alone are thus an unlikely power source for most of our observed late-time FUV detections.
These challenges for the reprocessing and circularization paradigms lead us to consider a different power source for late-time FUV emission. An unobscured accretion disk, the scenario first envisaged for TDFs (Rees 1988; Cannizzo et al. 1990) , is the most natural candidate. As we explain in the next section, simple accretion disk models (that generally fail to reproduce early-time optical/UV TDF emission) are easily able to accommodate our late-time FUV detections.
Disk Models
To better quantify the arguments of the previous subsection, we have constructed a library of simple, timedependent disk models that can be compared to our FUV observations of each TDF. The quantitative details of these models are given in Appendix B, but their key features and assumptions are:
1. TDF accretion disks are well-described as planar and azimuthally symmetric; furthermore, we vertically average their fluid properties so as to model them in 1D. These assumptions are probably quite incorrect at early times, when the process of circularization will imprint strong non-axisymmetries on the inner accretion flow (Hayasaki et al. 2013; Guillochon et al. 2014; Shiokawa et al. 2015) . Furthermore, TDF disks form with large generic tilts, and differential nodal precession (due to LenseThirring frame-dragging) can create warps within the disk or lead to global precession (Fragile et al. 2007; Stone & Loeb 2012) . However idealized these assumptions may be at early times, they are likely robust at the late times we are concerned with in this paper. All of our TDFs have been observed after ≳ 10 fallback times; at which point the returningṀ fb is low enough to have little impact on the circularized inner disk. Likewise, internal torques within an initially tilted disk are likely to align it with the SMBH equatorial plane on timescales of ∼ 10 1−4 d (Franchini et al. 2016 ).
Even for PS1-10jh, the "youngest" TDF with HST observations (∆t = 1877 d), alignment will only be prevented if both the SMBH spin a • and the dimensionless viscosity parameter α are extremely low (e.g. a • ≲ 0.2 and α ≲ 0.03; Franchini et al. 2016 ).
2. We evolve TDF accretion disks in time in a quasiviscous way, i.e. according to the standard viscous diffusion equation of 1D accretion theory (e.g., Abramowicz & Fragile 2013) . In real accretion disks, angular momentum transport is generally due to magnetized turbulence, but we employ an effective viscosity similar to the Shakura-Sunyaev prescription (Shakura & Sunyaev 1973) . However, rather than implementing the usual α-viscosity, we employ a "β-viscosity" where kinematic viscosity ν ∝ P gas , the gas pressure alone (Sakimoto & Coroniti 1981 ). This approximation is chosen for simplicity, as it prevents the onset of thermal and viscous instabilities that would occur at late times in α-disks. We discuss the implications of these instabilities (and their absence) in detail in below (Sec. 3.3). We also neglect the timedependent addition of mass to the disk from returning debris streams; our initial conditions place the bound half of the star into a Gaussian surface density profile centered on the circularization radius R c = 2R t /β. This assumption is crude at early times, but since most of the stellar mass returns after t fb , it is reasonably accurate at the late times we are concerned with, as the disks enter a self-similar spreading phase (Cannizzo et al. 1990 ).
3. We assume that TDF disks emit as multicolor blackbodies and neglect coronal contributions or any type of reprocessing. The midplane temperature in the disk is set by a local energetic balance between viscous heating, radiative cooling, and advective cooling. The local radiative flux is determined by combining this energy equation with an opacity model; we consider both electron scattering opacity and a Kramers' law for boundfree opacity. We neglect the effects of gravitational lensing and redshift (this is a reasonable approximation for the FUV, which is sourced primarily from the outermost disk annuli at ∼ 50R g , but is less justifiable for soft X-ray or EUV predictions).
Our disk models have the following free parameters: SMBH mass M • ; dimensionless SMBH spin a • < 1, which determines the disk inner edge; stellar mass M ⋆ ; stellar radius R ⋆ ; stellar penetration parameter β ≡ R t /R p ; effective viscosity parameter α, and time since disruption ∆t. Our fiducial models assume M • values determined for each TDF (Table 2) ; SMBH spins a • = 0.9; a ZAMS stellar radius appropriate for stars of slightly super-solar metallicity (Z = 1.4Z ⊙ ; Girardi et al. 2000) ; grazing, β = 1 disruptions; a time since disruption ∆t + t 0 as obtained from the observed light curve (Table 2) . We then construct, for each TDF under study, a grid of models that samples 0.01 ≤ α ≤ 1 and 0.1 ≤ M ⋆ ≤ 3. The model grid samples both variables in a log-flat way; we consider 9 different values of α, and 10 of M ⋆ . Our assumed value of a • sets the inner disk boundary by determining the innermost stable circular orbit (ISCO) 2 . This choice significantly affects the bolometric emission of the disk, which is dominated by unobservable EUV bands. The choice of a • has an even larger effect on disk predictions for thermal soft X-ray flux, which is always on the Wien tail of even the inner disk annuli. However, the value of a • has little effect on the observed FUV flux, which is (at the time of observation) dominated by the outermost annuli of the spreading disk. Our assumed value of β determines the initial conditions of the disk (the initial surface density profile Σ(R) is peaked at a radius R = 2R p ), but a viscously spreading disk asymptotes to a self-similar expansion that loses most memory of its initial mass distribution (though not its total initial mass and angular momentum), so this assumption is also reasonable. We are able to obtain satisfactory fits to all our latetime (i.e., t > 10t fb ) detections by using these simple time-dependent disk models. Similar to the approach applied to the light curves (Sec. 2.5), we apply a MCMC method to infer the two parameters of the disk model (again we also include a factor f that accounts for any underestimation of the measurement uncertainty). We use a flat prior for the viscosity, −2 < log α < 0. The Salpeter (1955) mass function is used to yield the prior for the stellar mass,
, with upper and lower bounds of 0.1 and 3 M ⊙ , respectively.
Contour plots with samples from the posterior distribution for each TDF are shown in Fig. 8 , and the bestfit parameters are written explicitly in Table 3 . Our six unambiguous detections can be explained as follows. PS1-10jh, D1-9, and PTF-09djl can be adequately fitted with roughly Solar-type stars (M ⋆ ≈ M ⊙ ) and a high effective viscosity, α ≳ 0.3. TDE2, and D3-13 favor similar α parameters, but lower main sequence stars (M ⋆ ≈ 0.15 − 0.25M ⊙ ). PTF-09ge is a mild outlier among the late-time detections; it requires a significantly lower effective viscosity (α ≈ 0.1), and favors the lowest stellar mass we consider.
Light curves for all best-fit models, both bolometric and in the FUV band, are presented in Fig. 9 . We recalculate our best-fit models with a • = 0 to estimate these bolometric light curves (this has little effect on the FUV luminosity). After a viscous time has passed, the bolometric light curves follow the ∝ t −1.2 power law, as predicted in Cannizzo et al. (1990) . The FUV light curves evolve in a more shallow way. One reason for this is that the FUV bands are near the RayleighJeans tail of emission, and so for a fixed disk size, they would be expected to evolve ∝ t −0.3 . However, the disks are viscously spreading, increasing the emitting area for Rayleigh-Jeans radiation and causing the FUV light curves to decay even more slowly than t −0.3 . If we interpret our FUV observations of D23H-1 as transient (rather than stellar) in origin, the inferred TDF parameters are similar to those of PTF-09ge. The nondetection of TDE1 is not easy to fit within our grid of disk models, and would require either α ≪ 0.01 or the accretion of ≪ 0.1M ⊙ . A low accreted mass might occur in a partial disruption, but we disfavor this explanation for the late-time properties of TDE1 because its luminosity at peak is similar to the rest of the sample (Table 2 ). More speculatively, this nondetection could indicate that the original TDE1 transient was an exotic TDF impostor, such as a mildly relativistic stellar collision (Metzger & Stone 2017) . A third explanation is discussed in the following section. Interestingly, we are also able to fit the most recent observations of ASASSN-14li, ASASSN-14ae, and iPTF16fnl within the context of our model, suggesting that these more recent TDFs may also have transitioned to a "bare" accretion disk, as is suggested by the flattening of their light curves (Fig. 5) . For ASASSN-15oi, a flattening has also been claimed (Holoien et al. 2016b ); however, we find the latest measurements of this source too close to the expected host level to yield a significant detection of the TDF flux. The general consistency of our simple model with late-time observations of TDFs suggests that future observations of this source are worthwhile.
We summarize our light curve modeling in Fig. 10 , where we show two-component light curve models for six well-sampled TDFs. We see that this simple twocomponent model does a good job of describing both the older flares observed with HST (where we have a long temporal baseline but sparse sampling), and younger flares observed by Swift (where the flattening of the FUV light curve has only begun recently, but is well-resolved in time).
Accretion Physics Implications
The simple 1D theory of accretion disks has long predicted viscous (Lightman & Eardley 1974) and thermal (Shakura & Sunyaev 1976) instabilities in moderately sub-Eddington regimes, when the disk is radiation pressure-dominated and cooling radiatively. These instabilities emerge when when the effective diffusion coefficient of Eq. B1 becomes negative, and when cooling rates depend more sensitively on temperature than do heating rates, respectively. In the context of the α-viscosity model, these effects occur only at intermediate accretion rates. They are absent in advectively-cooled super-Eddington disks, and also in colder disks dominated by gas pressure. Some alternative ad hoc forms for an effective kinematic viscosity, such as the β-disk we employ (Sakimoto & Coroniti 1981) and its more complicated generalizations (Taam & Lin 1984) , are always viscously and thermally stable.
While some examples of these instabilities may have been observed (see e.g. Taam et al. 1997; Fender & Belloni 2004 , for a possible thermal instability in the GRS 1915+105 microquasar), their physical reality has frequently been debated due to the many simplifying assumptions that enter into quasi-viscous 1D models. Angular momentum transport in real accretion disks is generally governed by 3D magnetohydrodynamic (MHD) stresses related to the magnetorotational instability (Balbus & Hawley 1991) , and MHD simulations have sometimes found that 3D effects suppress thermal . Light curves corresponding to the best-fit models for each TDF in our HST sample, as well as for three other TDFs seen to undergo late-time flattening in Swift/UVOT data. Bolometric light curves have been recalculated with a • = 0 (with the exception of D3-13; in this plot, the D3-13 bolometric light curve is shown for a • = 0.69, the minimum value that supports disk formation outside the ISCO) and are shown as solid lines, while FUV light curves are shown as dashed. (Hirose et al. 2009 ) or viscous instability. The debate is by no means settled, however: more recent radiation MHD simulations find thermal instability (Jiang et al. 2013; Mishra et al. 2016) persists in three dimensions, although the instability may be suppressed in disks with sufficiently high iron opacity (Jiang et al. 2016a ). The longer linear growth time of the viscous instability makes it more challenging to study, but recent global simulations have found evidence for a clumping (Mishra et al. 2016; Fragile et al. 2018) analogous to the predictions of Lightman & Eardley (1974) . Both viscous and thermal instabilities may, however, be suppressed in nature by large-scale toroidal fields (Begelman & Pringle 2007; Oda et al. 2009; Sadowski 2016 ). This long-standing debate in accretion theory matters for TDF disks because a simple implementation of the α-disk model predicts the onset of thermal instability on timescales ≲ 1 yr after disruption (Shen & Matzner 2014) . The 1D development of this instability would lead to a dramatic drop in the temperature of the disk, reducing the FUV luminosity far below the levels predicted in Section 3.2, and making it impossible to reproduce the observed FUV emission.
More specifically, the α-models of Shen & Matzner (2014) are predicted to undergo a thermal instability once the local accretion rate falls below the advection-dominated threshold, i.e.Ṁ (R)/Ṁ Edd = 3 −1/2 (R/R g ). In these models, disks accreting below this threshold rapidly transition to a gas-pressure dominated, radiatively-cooled state.
In this cold state, the initial viscous time is extremely long, and the characteristic luminosity is L/L Edd ≈ 0.5 × 10 −4 η(α/0.1) 1/8 (M • /10 6 M ⊙ ) −1.71 . Such low luminosities are at least two orders of magnitude dimmer than the faintest of our late-time detections, and thus we can rule out this type of model for the outcome of thermal instabilities in most TDF disks. We note that the model of Shen & Matzner (2014) predicts limit-cycle behavior, with intermittent episodes of runaway heating that cause late-time TDF disks to expand back to a highly luminous advective state. However, these episodes are so brief that it is unlikely for an individual observing epoch to catch any late-time TDF disk, let alone six, in them.
However, the low luminosities predicted after the state changes of Shen & Matzner (2014) offer a speculative way to explain the late-time nondetection of TDE1. If thermal instabilities are suppressed in nature by iron opacity bumps (Jiang et al. 2016a ), then TDF disks should often be thermally stable. On occasion, however, a SMBH will disrupt a low-metallicity star that may lack substantial quantities of iron-group elements, leading to a state change and collapse of the TDF disk to unobservably low FUV luminosities. A piece of circumstantial evidence supporting this hypothesis may be found in Fig. 1 . Of all the TDF host galaxies we modeled, the host of TDE1 has the oldest stellar population, which is best fit by a single burst of star formation 12.8 Gyr ago, hinting at a low metallicity. A final possible explanation for the nondetection of TDE1 is a different type of disk state change, from a thermal, radiatively efficient state to a "low-hard," radiatively inefficient accretion flow. In X-ray binaries, this type of transition is seen to occur at accretion rates below ≈ 2% of the Eddington rate (Maccarone 2003) . This type of state change produces a large drop in disk thermal emission. The M • −σ relationship suggests that TDE1 has one of the highest black hole masses in our sample, making it plausible that this TDF could have been the first to undergo such a state transition. Radiatively inefficient accretion flows are often associated with efficient jet launching, and past work has argued that radio-dim TDFs should become radio-bright at late times as jets turn on at a low Eddington fraction Tchekhovskoy et al. 2014 ). In our fiducial, a • = 0.9 grid of models, the present-day accretion rates in all observed TDFs are well above 2% of the Eddington rate, with the exceptions of TDE2 (Ṁ = 0.032Ṁ Edd , for best-fit M ⋆ and α) and D3-13 (Ṁ = 0.0024Ṁ Edd , for best-fit M ⋆ and α). The persistence of thermal emission in D3-13 suggests that either one of our model parameters for this TDF is significantly incorrect, or some aspect of TDF accretion disks prevents (or delays) the transition to a radiatively inefficient state. Late-time radio observations of TDE1, TDE2, and D3-13 could better constrain this hypothesis.
While we do not claim that the late-time observation of FUV emission in TDFs validates the Sakimoto & Coroniti (1981) β-disk-indeed, detailed MHD simulations typically find that stress scales proportionally to total pressure (Mishra et al. 2016 ) -our models seem to demonstrate two features of late-time TDF disk hydrodynamics. First, these disks must have long initial viscous times. This is achieved naturally in the β-disk prescription, but could also arise in α-disks with small α parameters. Second, it seems clear that the classic thermal and viscous instabilities of 1D α-theory are not developing in TDF disks we observe, with the possible exception of TDE1. This result is in agreement with the observation that observed black hole X-ray binaries generally fail to display the limit cycle behavior that would result from nonlinear development of the Lightman & Eardley (1974) viscous instability (Cannizzo 1996; Done et al. 2007 ).
Solution to the missing energy problem
The observed radiated energy of TDFs, E early bol , is obtained by integrating fitted early-time bolometric light curves (typically estimated from single-temperature blackbody fits). Empirically, E early bol ∼ 10 49−51 erg, which is usually one to two orders of magnitude lower than E tot bol = 0.05M ⋆ c 2 ∼ 10 52−53 erg, the energy that should be released during radiatively efficient accretion of the bound stellar debris. This "missing energy problem" Lu & Kumar 2018 ) may be explained in a variety of ways: for example, TDFs may emit most of their energy in unobservable EUV wavelengths, as is suggested by infrared dust echoes from some TDFs ; alternatively, TDFs may have unexpectedly small energy budgets due to severe mass loss during the circularization process , a preference for partial disruptions (Guillochon & Ramirez-Ruiz 2013) , or the prevalence of low-energy TDF impostors (Metzger & Stone 2017) . Some of the missing energy can also be explained by reddening of the TDF spectrum due to the dust in the host galaxy. This reddening will decrease the observed blackbody temperature, leading to an underestimation of the blackbody luminosity by up to an order of magnitude (Gezari et al. 2009b) . The missing energy problem may also be resolved if the flare's radiative efficiency η ≪ 0.1. This explanation is realized in the circularization paradigm , where the early-time light curve is powered by shocks at the stream self-intersection radius R SI . As mentioned previously, the typical radiative efficiency of bulk kinetic energy thermalized at these shocks is
then a much greater amount of energy can be emitted, at lower luminosities, long after the peak of the flare. In contrast, our slowly evolving accretion disk models address the missing energy problem in two of the ways discussed above: by displacing the TDF's energy both in wavelength and in time. The SEDs of our theoretical models typically peak near ∼ 0.1 keV, and a majority of their power comes out in the EUV. However, the long viscous times of our models can, in most cases, prevent early emission of this radiation, even under the assumption of efficient circularization.
The amount of energy radiated so far in the FUV can be crudely estimated as E L bol (t)dt, the total bolometric energy outputted so far by the TDF.
We quantify all observed and modeled energy scales in Table 4 . In this table, fiducial values 3 for modeled energies use a • = 0.0, and quoted error ranges go from a • = −0.9 to a • = 0.9. In general, we find substantial 3 Even though our model grid was built with a • = 0.9, we have re-run best fit combinations of {α, M ⋆ } with different values of SMBH spin. This usually does not impact the FUV luminosity substantially, since it is dominated by the outermost disk annuli. The two exceptions to this are TDFs with large SMBH masses, TDE2 and D3-13 (where the ISCO is not far from the disk outer edge). For TDE2, switching to a • ≲ 0 will decrease the FUV luminosity substantially, making the best-fit {M ⋆ , α} less trustworthy. The same caveat applies to D3-13, but here the best-fit M ⋆ and large SMBH mass M • puts this TDF dangerously close to the Hills mass. The minimum SMBH spin value that can produce a disk outside the ISCO is a • = 0.69, so for D3-13's entry in Table 4 , we take this value as both the fiducial and lowest one. 52.0 a The observed bolometric energy release from early-time (t < 10t fb ) light curves, as computed from our posterior distributions of power-law light curves for single-temperature blackbodies ( §2.5). b The approximate energy radiated to the present day in FUV wavelengths, which we estimate as E late FUV ≡ t late νL ν , using quantities in Table 2 . c The total bolometric energy radiated to the present day for our best-fit models for each TDF.
d The predicted late-time bolometric correction C late ≡ L bol /(νL ν ). The numerator of this correction factor uses our best-fit theoretical model, while the denominator uses the observed FUV luminosity. e The predicted late-time soft X-ray luminosity (E ≥ 0.3 keV) for our best-fit models. This is an approximate estimate, as we have ignored host absorption and general relativistic effects. f The total bolometric energy available to each TDF for our best-fit models:
Note-For model-dependent quantities, the fiducial values quoted are for an SMBH spin a • = 0.0. The error range on L late X covers a range of spins from a • = −0.9 to a • = 0.9, with the exception of D3-13. For this TDF, retrograde and slow prograde spins would push the Hills mass below M • , and so the fiducial values here were computed with a • = 0.69, the lowest value that permits disk formation outside the ISCO. All quantities in parentheses represent percentages of E tot bol in our best-fit models (for the fiducial, a • = 0.0, case). Estimates and models for D23H-1 assume for the sake of argument that all observed FUV emission is of transient, rather than stellar, origin.
late-time bolometric corrections, with 8 ≲ C late ≲ 300.
Bolometric corrections are smallest for the oldest flares in our sample, (TDE2, D1-9, and D3-13), and are largest for the youngest flares in the sample (ASASSN-14ae, . In all cases, the disks have radiated an order unity fraction of their total available energy budget (E late bol ∼ E tot bol ), though a majority of E tot bol remains to be radiated. One testable prediction of our models is the late-time soft X-ray luminosity at energies ≥ 0.3 keV, which can be substantial for many of the flares in our sample. In Table 4 , we present our predictions for the late-time thermal soft X-ray luminosity, L late X , for each best-fit model. However, we note that these predictions are likely optimistic, as we have neglected photoelectric absorption in the host galaxy, and have assumed a • = 0.9 (the predicted L late FUV values are insensitive to these assumptions, but L late X is quite sensitive to both). Many of these TDFs have constraining upper limits on their early-time X-ray luminosities, which may indicate that disks had not yet circularized at early times, or alternatively, that obscuration due to tidal debris or outflows imparted a strong viewing angle-dependence on inner disk annuli (Dai et al. 2018) . However, our FUV observations suggest that at sufficiently late times, compact TDF disks exist and are not obscured by a larger-scale photosphere. For most flares, constraining late-time Xray observations do not yet exist. However, our prediction for L late X in ASASSN-14li is quite close to this TDF's observed late-time X-ray luminosity (Bright et al. 2018) .
If the disk-powered plateau indeed lasts for ∼ 10 yr (∼ 10 2 yr) and the TDE rate is 10 −4 galaxy −1 yr −1 (e.g. Hung et al. 2018) , then ∼ 0.1% (∼ 1%) of galaxies are currently hosting a TDE disk with a considerable FUV luminosity. However, recent observations suggest that the tidal disruption rate in post-starburst galaxies is enhanced by a factor ∼ 10 (e.g. French et al. 2016; Law-Smith et al. 2017) , implying that the fraction of this galaxy class with elevated central UV emission could be as high as 10%. As we have shown in this work, distinguishing this long-lived TDF emission from UV produced by stellar sources is possible with high-resolution HST observations.
SUMMARY
We have obtained late-time HST FUV imaging of eight galaxies hosting TDF candidates. Each of these TDF candidates were originally identified by thermal emission in the optical/UV between 5 and 9 years prior to our observations. In six of the eight targets (PS1-10jh, PTF-09ge, PTF-09djl, SDSS-TDE2, GALEX-D1-9, and GALEX-D3-13) we unambiguously detect unresolved nuclear point sources with FUV luminosities νL ν ∼ 10 41.5−42.5 erg s −1 . For PS1-10jh and GALEX-D3-13, we are able to unambiguously conclude that the observed FUV flux is of transient origin (as a result of a pre-flare GALEX upper limit and HST optical imaging observations). For the other four of these detections, a stellar origin for the unresolved HST FUV emission is unlikely but cannot be ruled out. Late-time nuclear FUV emission of similar magnitude is seen in D23H-1, but here the FUV luminosity is spatially extended and it is unclear what fraction of the nuclear component, if any, is due to a TDF. Only for one target, TDE1, do we obtain a non-detection and a deep upper limit (νL ν < 10 40.6 erg s −1 ) on the late-time flare luminosity. We also analyzed all the public Swift UVOT observations of TDFs, finding detections up to 2 years postpeak, with a luminosity similar to that observed at late times with HST, for three other TDFs: ASASSN-14ae, ASASSN-14li, iPTF-16fnl. The HST and Swift observations represent the largest sample of late-time TDF emission.
Compact accretion disks on scales comparable to the tidal radius are the simplest theoretical models for TDF thermal emission, but these models are severely discrepant with early-time optical/UV observations. This discrepancy has sparked much debate about the origins of early-time TDF emission (e.g. reprocessing of disk X-rays versus shock-powered flares), but appears to be absent for the late-time detections in this paper, all of which are consistent with simple analytic/semianalytic models of viscously spreading, compact accretion disks (Cannizzo et al. 1990 ). This has interesting implications for TDF physics and possibly disk accretion physics more generally, which we list below.
1. The six late-time FUV detections in our sample are inconsistent with a canonical ∝ t −5/3 power law decay; if such a power law is fit to the earlytime flare photometry, the late-time emission represents a significant flattening of the light curve.
2. The Swift UVOT photometry shows a similar late time NUV flattening for ASASSN-14ae, ASASSN14li, and iPTF-16fnl, indicating that the time of this transition may be typically ∼ 1 − 2 yr after peak.
3. By using two HST FUV bands (or, for the more recent sample, multiple Swift/UVOT bands), we fit single-color blackbodies to observed latetime emission. The best fit blackbody temperatures are relatively cool, with T late ≈ 10 4.5 K, and the blackbody radii are compact, with R late ≈ 10 13.2−13.7 cm (one outlier, SDSS-TDE2, has R late = 10 14.2 cm). In all cases, these blackbody radii are at most a small multiple of the circularization radius 2R t . This obviates the need for a reprocessing layer to explain late-time emission, and we show that the other early-time power source (circularization shocks from returning debris) is energetically incapable of explaining high late-time luminosities. The sustained late-time UV luminosities we observe represent further evidence against alternative supernovae interpretations of these flares.
4. For all ten TDFs with late-time detections, we are able to fit the observed UV luminosity with simple 1D models for time-dependent, viscously spreading accretion disks. The detailed models we employ use an effective viscosity that is proportional only to gas pressure (the so-called "beta-viscosity" of Sakimoto & Coroniti 1981) as in Cannizzo et al. (1990) . This choice of viscosity prescription is somewhat artificial, but its success suggests that late-time tidal disruption disks (i) retain a fairly high gas mass, and (ii) have not undergone a thermal instability. The luminosities we observe are significantly higher than those predicted by simple 1D alpha-viscosity models that are permitted to collapse to a dim, gas pressure-dominated state due to thermal instability (Shen & Matzner 2014) . Thus, if the alpha-viscosity picture is a reasonable approximation to real, magnetohydrodynamic TDF disks, there must be additional ef-fects (e.g. iron opacity; Jiang et al. 2016b ) that suppress the onset of thermal instabilities.
5. We have identified an interesting, mass-dependent trend in the properties of the TDF sample considered here. As shown in Fig. 7 , the best-fit power law indices for early-time light curves are systematically steeper in TDFs sourced by lowmass SMBHs (M • ≲ 10 6.5 M ⊙ ) and shallower in those from high-mass SMBHs (M • ≳ 10 6.5 M ⊙ ).
Early-time power laws for the high-mass subsample are shallow enough that our late-time observations are consistent with little-to-no flattening in the light curve (Fig. 6 ).
6. The late-time FUV emission is consistent with compact, quasi-circular accretion disks possessing long viscous times. If this general model is correct, then the TDF "missing energy problem" is solved by TDFs radiating most of their available energy budget, E tot bol , in EUV bands at late times (∼ 10 − 100 yr post-peak). Stated another way, the initial disk masses inferred from our viscouslyspreading models are a sizable fraction of the debris that remains dynamically bound following the tidal disruption of a low-mass star.
There are several caveats to the above conclusions that should be clarified with future work. First, it would be useful to confirm the transient nature of the late-time emission in the four sources lacking stringent constraints from pre-flare FUV upper limits or high-resolution HST imaging. While the observed late-time FUV flux is inconsistent with simple stellar population models, it is theoretically possible that extremely compact, extremely young nuclear stellar populations could produce the observed FUV emission. This possibility appears unlikely given the observed real-time flattening in the light curves of more recent TDFs (e.g. ASASSN-14ae, , but it could be tested directly with followup UV observations. Second, it is important to test a wider range of timedependent accretion models than those explored in this paper. For simplicity, we have focused only on very simple "alpha-disk" and "beta-disk" types of effective viscosity. While the former appears inconsistent, and the latter consistent, with the limited late-time observations so far obtained, these models are only approximations for the actual magnetohydrodynamic processes governing the evolution of astrophysical accretion disks. It would be useful to explore time-dependent disk models with more realistic microphysics and initial conditions (e.g. time-dependent source terms reflecting the possibility of slow accumulation of bound debris into the accretion disk).
Third, soft X-ray followup observations will offer a complementary probe of late-time TDF disk physics. Many TDF candidates detected by thermal optical/UV emission appear X-ray dim at early times, while others show a diversity of thermal soft X-ray luminosities. The wide range of early-time behavior seen at X-ray wavelengths may be due to viewing angle effects, or perhaps a wide range in circularization efficiencies. However, the small best-fit blackbody radii R late of our observations suggest that if X-rays were once being absorbed and reprocessed by an extended, optically thick shroud, that reprocessing layer no longer exists; conversely, if X-rays were absent at early times because no inner disk had yet circularized, such a disk is now present. The magnitude and spectral properties of X-ray emission will aid in testing the different disk models discussed above.
The apparent near-ubiquity of late-time disk emission in TDF candidates raises exciting opportunities for studying both TDF and accretion physics. In stark contrast to the uncertain and contested early-time hydrodynamics of a tidal disruption event, it is natural to expect that at late times, the stellar debris should settle down into a more axisymmetric configuration resembling a traditional accretion disk. The simple 1D disk models used in this paper are, indeed, able to match observed late-time FUV emission. If these or analogous disk models continue to match future late-time TDF observations, we would possess a powerful new tool for measuring the intrinsic parameters of TDFs (e.g. SMBH mass, or mass of the disrupted star), independent of the uncertainties of early-time emission mechanisms. In the meantime, however, late-time TDF observations can be used to narrow down the parameter space of viable disk models, which can probe the nature of effective viscosity and associated instabilities in astrophysical accretion disks. 
APPENDIX
A. BANDPASS THROUGHPUT AND BLACKBODY TEMPERATURE As shown in Fig. 11 , the HST/ACS F125LP and F150LP filters have a "longpass" throughput curve, which means they overlap at long wavelengths. Fortunately, this overlap does not significantly limit the inference of the blackbody temperature from the F125LP/F150LP color. We obtained the bandpass data for this figure using synphot 4 .
B. SPREADING DISKS
In this appendix, we outline a simple time-dependent model for a viscously-spreading accretion disk, which we employ in the paper to compare to observations. The viscous evolution of transient disks formed in tidal disruption was first considered by Cannizzo et al. (1990) , and was explored in greater detail more recently by Shen & Matzner (2014) . We follow these works in studying the 1D evolution of an axisymmetric, vertically-averaged disk whose gas surface density Σ(R) is governed by a diffusion equation
where ν is an effective kinematic viscosity. Angular momentum transport in TDF disks is likely controlled by turbulent stresses produced via the magnetorotational instability (although see also Nealon et al. 2018 ), which we parametrize using the β-viscosity ansatz (Sakimoto & Coroniti 1981) , i.e. ν = 2αP gas 3Ωρ ,
where the total midplane pressure P = P gas + P rad = ρk B T /(µm p ) + a rad T 4 /3, H(R) is the local scale-height, and we use midplane density ρ and temperature T (ρ ≡ 1 2 Σ/H). Here m p , k B , and a rad are the usual proton mass, Boltzmann constant, and radiation constant, respectively; µ ≈ (2X + 
Z)
−1 ≈ 0.60 is the mean particle weight 5 , and α ≤ 1 is the dimensionless Shakura-Sunyaev viscosity parameter (Shakura & Sunyaev 1973) . Note that this approach differs from that of Shen & Matzner (2014) , who used the more common "α-disk" ansatz, i.e. ν ∝ αP . 
4 pysynphot.readthedocs.io 5 Throughout this paper, we approximate the hydrogen mass fraction X = 0.7381, the helium mass fraction Y = 0.2485, the metal mass fraction Z = 0.0134, and assume fully ionized gas.
against both radiative cooling
and advective cooling
Here the local mass inflow rateṀ (R) = 3πνΣ, c is the speed of light, and the local opacity κ = κ es +κ K , where electron scattering opacity κ es = 0.20(1 + X) cm 2 g −1 and Kramer's opacity κ K = 4.0 × 10 25 Z(1 + X)(ρ)(T ) −7/2 cm 2 g −1 . The above Q terms represent heating/cooling per unit area
The vertical structure of the disk is computed assuming hydrostatic equilibrium,
Finally, at any snapshot in time t, we compute the spectral energy distribution of our disk models by treating the disk as a multicolor blackbody, where each annular ring has an effective temperature
were σ SB is the Stefan-Boltzmann constant. Thus the bolometric luminosity is given by
the spectral energy density is
and B ν (T ) is the Planck function.
